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A B S T R A C T 

  

   

 Pasteurization is regarded as a critical unit operation in the juice processing chain because it extends the juice's 
shelf life. This study aimed to design, construct and assess the performance of the small-scale low-viscous juice 

continuous pasteurizer. The pasteurizer is equipped with three shell and tube heat exchangers (STHE) that operate 

on a counter-current flow system. During operation, raw juice is preheated in the regeneration section before being 

heated in the heating section to a specified pasteurization temperature. The juice is then held at pasteurization 
temperature in holding tubes for a specific period before being cooled in the regeneration and cooling section. The 

performance was evaluated by determining the maximum hot water temperature attainable, product pasteurization 

temperature and throughput at various pumping speeds of the product. With an initial heating time of 23 minutes, 

all product pump speeds over 792 rpm can yield a regeneration efficiency of about 50% with a throughput 
capacity of about 600 L/h. An automated control system can be used to adjust the pasteurizing temperatures. This 

enables effective use with a wide range of food products with pasteurization temperatures ranging from 72°C to 

88°C under High-Temperature-Short-Time (HTST) processing. The logarithmic and quadratic polynomial models 

were found to be suitable for predicting throughput capacity and pasteurization temperature, respectively. The 
results from the validation showed R2 values of 97.52% and 99.28% for throughput capacity and pasteurization 

temperature, respectively. Juice pump speed did not affect the regeneration efficiency (p < 0.05). The pasteurizer 

is suitable for low-viscous food products.  
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1. Introduction 

Agriculture alone contributes about 26% of Uganda’s total 

Gross Domestic Product (GDP) (Deloitte, 2016), while generating 

employment for close to 70% of the country’s working population 

(Kuteesa et al., 2018). Thus, agriculture has attracted great 
promotion and funding for development through the Government 

of Uganda and its partners, as witnessed in the horticultural 

industry (Ankwasa, 2018). Majority of the horticultural fruit 

produced is freshly consumed locally, with only a small amount 
being exported. According to Wakholi et al. (2015), the fruit 

consumption rate in Uganda still lies below the national level 

recommendation of 80g per capita per day. The unconsumed fruit 

usually deteriorates in quality, contributing to post-harvest losses 
(PHLs). PHLs are caused by lack of relevant processing 

technologies, limited access to information, and insufficient credit 

to purchase the appropriate facilities (Kumari & Kumar, 2018; 
Rahiel et al., 2018). High PHLs have a big impact on farmers’ 

incomes and the country’s food security. As a result, reduction of 

PHLs is a good way to improve food security and overall farmers’ 

incomes (Kikulwe et al., 2018; Kughur et al., 2015).  
Although juices are highly perishable, farmers and fruit dealers 

are processing their fruit into juice to reduce the PHLs. Juice 

production involves the following steps: washing, culling, juice 

extraction, pasteurization using the thermal treatment, filling, and 
storage. Thermal processing is considered a critical unit operation 

in juice processing as it extends the juice shelf life by reducing 

microbiological load and enzymatic activity of the food (Sarkar, 

2015). Thermal processing entails heating the juice to a specific 
temperature in order to reduce microbial load and ensure enzyme 
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inactivation. More specifically, food is heated to relative 

temperatures (<100°C), a process called pasteurization. 
Pasteurization world over is carried out using either batch or 

continuous pasteurizers. In Uganda, some effective efforts have 

been made to reduce losses associated with deterioration of fruit 

pulp and juice quality. Several batch pasteurizers have been 
developed and adopted locally. The batch system, however, 

processes a specific volume of product per unit time. It is therefore 

very inconvenient for a processor with large volumes because they 

must constantly empty and refill the vat. Large amounts of juice 
require a lot of resources in terms of labor, time, and energy to 

process (Amit et al., 2017). As a result, juice and pulp processors 

are unable to increase production. Processors who choose to import 

continuous pasteurizers from Europe and Asia face high 
importation costs resulting from high taxes. They are also faced 

with maintenance challenges because these products come with 

unique technology that can only be serviced by expert technicians 

who must also be outsourced. There is need to develop continuous 
pasteurizers in Uganda so that juice processors can increase the 

volume of juice produced per unit time while using less labor and 

energy, lowering the overall cost of operation (Widiatmo & 

Hendrarsakti, 2018). This study aimed to design, construct and 
assess the performance of the small-scale low-viscous juice 

continuous pasteurizer. 

This study aimed to enhance Uganda's small-scale processors' 

processing capabilities. There is no doubt that some initiatives have 
been successful, particularly in Uganda where pasteurization 

technology has replaced the crude source pan-based pasteurization 

among small-scale processors. For instance, batch pasteurizers 

were developed in Uganda by Ahumuza et al. (2017) and Ninshaba 
(2015). Despite their production efficiency, the developed batch 

pasteurizers are associated with a lot of drudgery (labor, time, and 

energy). For instance, all energy used to heat the product during 

pasteurization is lost in the process of product cooling, a high labor 
force is required to effectively manage the pasteurization process in 

case of large production, thus increasing the overall energy 

requirement during production. Moreover, the production rate of 

92-194 L/h as established for the batch pasteurizer developed by 
Ahumuza et al. (2017) still limits the production expansion 

requirements for an average small-scale daily processor production 

needs of about 360L (Uganda Investment Authority, n.d.). These 

drawbacks are well addressed with the use of continuous 
pasteurization systems (Baidhe et al., 2022). However, no research 

on the development of continuous pasteurizers specifically 

designed for small-scale processors in Uganda has been 

documented. In this study, an energy recovery system was 
incorporated into the design for this study to improve the 

production's overall energy consumption. This study acknowledges 

the numerous continuous pasteurizers imported by well-established 

processing firms. Despite having similar working principles, the 
present work focused on developing a more user-friendly and 

tailor-made design appropriate for use in Uganda. Compared to 

imported designs that come with unique automation needs, the 

design in the present work involves limited automation yet with 
increased processor production capacity. The design used in this 

study is not anchored on a particular customized computer 

program, without which the machine would not operate as it does 

for the other imported machines. 

2. Material and Methods 

2.1. Design of continuous pasteurizer components 

2.1.1. Design of raw juice tank 

The dimensions for the 100 L tank were calculated using Eq. 

(1). A tank of capacity 100 L (0.1 m3) would equitably support the 

production of a small-scale business with a target of about 100 
dozens of 300 mL bottles per day (estimated at 360 L per day) 

(Uganda Investment Authority, n.d.), since it only holds the raw 

juice during production. 

                                                                                                    

where r and h are the radius (m) and height (m) of the tank, 

respectively. 

2.1.2. Heat exchanger design 

The Log Mean Temperature Difference (LMTD) method was 

used in the design of heat exchangers because it is very convenient. 
The LMTD serves as an equivalent mean temperature difference 

between the two fluids for the entire heat exchanger (Marwa, 

2021). The heat exchangers' design included determining the heat 

load required for the process and maximizing the transfer of heat 
load between the fluids. The design took the following procedure: 

(a) Determination of heat load [ ̇] 

The ratio of outlet temperature gap to inlet temperature (G) was 

instrumental in the estimation of temperatures for both the cold and 

hot fluids that can allow effective heat transfer. G given by Eq. (2) 

has a range of values between +1 and -1. The heat exchanger must 
function under temperature approach circumstances, where the cold 

stream final temperature is lower than the hot fluid output 

temperature, for effective heat transfer. Temperature approach is 

represented by a positive G value, whereas temperature cross is 
represented by a negative G value (Vengateson, 2010). 

  
         
       

                                                                                        

where Tin and Tout - the hot side fluid inlet and outlet 

temperatures respectively (°C), tin and tout - the cold side fluid inlet 
and outlet temperatures respectively (°C). 

Leaving aside the negligible heat losses to the atmosphere, the 

heat load is the heat lost by one fluid on one side of the heat 

exchanger and gained by another on the other. The heat load ( ̇) for 
the heat exchanger was determined using Eq. (3). 

 ̇   ̇                                                                                                     

where C - the fluid specific heat capacity (J/kgK), m - the fluid 

mass flow rate (kg/s), ΔT - the temperature difference (°C). 

(b) Estimation of log mean temperature difference (LMTD) 

[∆Tl] 
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The LMTD was determined using Eq. (4) (Chavhan et al., 

2016). 

    
          

  (
   

   
)

                                                                                 

where ∆Ta - the temperature difference between the inlet 

temperature for the shell fluid and exit temperature for the tube 

fluid and ∆Tb - the temperature difference between the exit 

temperature of the shell fluid and the inlet temperature of tube 
fluid, F – the correction factor. 

The correction factor (F) was estimated from correction factor 

charts using the values of thermal effectiveness (P) and heat 

capacity ratio (R) determined by Eq. (5) and (6), respectively 
(Lebele-Alawa & Ohia, 2014). 

  
     
     

                                                                                                 

  
     
     

                                                                                                 

where T1 and T2 are the entry and exit temperatures at for the 
shell fluid, t1 and t2 are the entry and exit temperatures for the tube 

fluid. 

(c) Estimation of the heat transfer area [AH] 

The heat transfer area (AH) was determined by the heat load, 

LMTD, and the overall heat transfer coefficient (Qian et al., 2021) 

using Eq. (7). 

   
 ̇

      
                                                                                           

where Uo – Assumed overall heat transfer coefficient (W/m2K). 

(d) Calculation of the actual overall heat transfer coefficient 

(UTx) 

Overall heat transfer coefficient is characterized by coefficients 

of internal and external convection coefficients for the hot and cold 
fluids (Rosa & Júnior, 2017). Using Eq. (8), the actual overall heat 

transfer coefficient (Ux) for a single shell in a heat exchanger was 

calculated under the assumption of negligible heat resistance at the 

tube wall (Kern, 1965). 

 

  
 
 

  
 
 

  
                                                                                      

where Rf - the fouling factor, ht - the convective heat transfer 

coefficient for the tube side (W/m2K), and hs – the convective heat 

transfer coefficient for the shell side (W/m2K). 

The actual overall heat transfer coefficient for the multi-shell 
heat exchanger (UTx) was calculated using Eq. (9). 

                                                                                                  

where Ns – the number of shells, x refers to section (heating, 

cooling, regeneration). 

(e) Heat exchanger design margins 

Margins are considered when designing heat exchangers to 

compensate for fouling, variable process or ambient conditions, and 

the risks of an exchanger that does not meet process requirements. 

Heat exchanger design margin refers to any heat transfer area that 
exceeds what is required by a clean heat exchanger to satisfy a 

specified duty (Bennett et al., 2007). The heat exchanger design 

margins were determined using over-surface design and over-

design as given by Eq. (10) and (11), respectively (Bhatt & Javhar, 
2014; Krishnan & Kumar, 2016). 

                     (
      

  
)                                 

             (
       

    
)                                               

where Areq is the required heat transfer area (m2) determined 
using Eq. (12). 

     
 ̇

      
                                                                                          

(f) Estimation of the number of tubes 

The number of tubes Nt was estimated using Eq. (13) (Bhatt & 

Javhar, 2014). 

   
  
  
                                                                                                      

where Ao is the design heat transfer area. 

(g) Determination of the number of tubes per pass and the 

actual number of tubes 

The number of tubes per pass (Ntp) was determined from Eq. 

(14) (Shawabkeh, 2015). 

    
  
  
                                                                                                    

where Np – the number of passes. 

The actual number of tubes was determined from Eq. (15). 

                                                                                                     

(h) Pressure drop calculations 

According to Kakac et al. (2012) and Krishnan and  Kumar 
(2016), tube – side pressure drop is a combination of pressure drop 

due to friction losses along the straight tube and the pressure drop 

due to the return loss. The pressure drop due to friction losses (ΔPft) 

and pressure drop due to return losses (ΔPrt) were determined using 
Eq. (16) and (17), respectively. 
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where: fi is fanning friction factor, L is the length of the tube, 
Np is the number of passes, Di is the equivalent diameter of the 

tubes.  

Shell-side pressure drop was the sum of friction pressure drop 

(ΔPfs) determined by Eq. (18) (Yousufuddin, 2018) and the return 
pressure drop (ΔPrs) determined by Eq. (19). 

     
    

         
      

                                                                         

              
                                                                               

where: Gm is the mass velocity of the shell-side fluid, (Nb +1) 

is the number of crosses, fo is the shell side friction factor, Di is the 

inside shell diameter, De is equivalent shell diameter, Фs is the 

viscosity correction factor for shell side. 

2.1.3. Design of holding tubes 

The product is held in the holding tubes for a specific amount 

of time and at a specific flow rate (Kanade & Subramani, 2014). 
The length of the holding tube was determined using the criteria 

outlined in Kanade and  Subramani (2014) and calculated using Eq. 

(20). 

                                                                           

where HTmin – the minimum holding time (s) and Vmax - the 
maximum velocity of flow in the holding tube. 

2.1.4. Analysis of flow and sizing of the pumps 

Electric power (Ppump) required by the motor to run the pump 
was determined using Eq. (21) (Oyedokun et al., 2017). 

      
    ̇

     
                                                                                    

where m – mass flow rate (kg/s), ƞp and ƞm - pump and motor 

efficiency, respectively, Wp – the pump hydraulic energy was 

determined using the Bernoulli Eq. (22). 

   
       

 
 
   

    
  

 
                                       

where: P1, P2 – Pressure at the inlet side of the pump and outlet 
side respectively; U1, U2 – Mean velocity of flow on the inlet and 

outlet side of pump respectively; Z1, Z2 – Suction and elevation 

heads respectively; Ef - Friction losses along the path of flow. 

2.1.5. Sizing of water heater 

The size of the heater depends on the volume of water to be 

heated, temperature difference and the heating time. The heat load 

(Ph) required to rise the temperature of water per hour was 
calculated by Eq. (23). 

   
       
    

                                                                                      

where Vm – Volume of water heated (L), ΔTw – Rise in 

temperature of water (°C).  
The time (hr) required to heat the water was determined using 

Eq. (24). 

     
  
  
                                                                                                

where Pr – Heater power rating (kW). 

2.2. Construction of the continuous pasteurizer 

Using the equations in section 2.1, the size of every component 

in Fig. 1 was determined and engineering drawings developed. The 
drawings served as a guide in the fabrication of the pasteurizer. 

Corrosion resistance, cleanability, mechanical strength and 

weldability were key considerations when selecting materials for 

the parts responsible for holding and transferring the food, such as 
tanks and pipes. Thermal conductivity was also important in the 

selection of materials for heat exchanger construction. 

2.3. Performance evaluation of continuous pasteurizer 

Temperature and time are critical parameters that must be 

controlled effectively during pasteurization. The water must be at a 

higher temperature than the product in order for effective heat 

transfer between the hot water and the product. Estimating the time 
required for the water temperature to rise is critical in deter-mining 

the best time to turn on the pasteurization machine. The 

performance of the pasteurizer was evaluated by determining the 

maximum hot water temperature attainable, maximum hot water 
temperature attainable, product pasteurization temperature and 

throughput at various pumping speeds of the product. 

2.3.1. Determination of maximum hot water temperature 

attainable 

The hot water tank was filled to full capacity (65 L). The 
heaters and the hot water pump were turned on, with the pump set 

to its maximum speed (3000 rpm). The temperature of the water 

entering the heating section was monitored from the control panel 
until a maximum constant temperature was attained and recorded. 

The procedure was repeated three times. 

2.3.2. Optimization of product flow rate for effective 

pasteurization 

Using a variable frequency drive (Schneider Electric Model: 
ATV312H075M2) water used to simulate a low–viscous juice was 

pumped at speeds motor speeds of 180, 300, 420, 540, 660, 780, 

and 900 rpm and the pasteurization temperature attained 

determined. The hot water pump speed was kept at maximum 
(3000 rpm). The procedure was carried out in triplicate. A graph of 

pasteurization temperature versus product pump speed was plotted. 



Kigozi et al.                                                                                                                                                                                        JFBE 6(1): 8-17, 2023 

 

12 
 

2.3.3. Regression modelling approach to determine effect of 
product pump speeds on the throughput capacity and 

pasteurization temperature of continuous pasteurizer 

The throughput capacity and pasteurization temperature were 

assessed at the product pump speeds of 228, 252, 288, 354, 372, 

384, 444, and 474 rpm. The selected speeds were within the 
optimal range for effective pasteurization using the continuous 

pasteurizer. All experiments were carried out while the hot water 

pump was running at maximum speed of 3000 rpm. Throughput 

capacity refers to the amount of fluid that passes through the 
system per unit time. The time required to process 20 L of product 

at each speed was measured and recorded using a stopwatch. Also, 

the pasteurization temperature was read from the control panel and 

recorded. Each experiment was done in triplicate for accurate 
results and then mean values were used. The throughput at each 

speed was calculated using Eq. (25). 

           
  

  
                                                                                 

where Ap – Amount of product processed (L) and Tp – Time 

taken to process the product (hr) 
Four regression models were fitted to the throughput capacity 

and pasteurization temperature curves so as to determine the best 

model for describing the pasteurizer machine behavior at different 

product pump speeds. The models are shown in Table 1. To 
demonstrate the validity of the fitted regression model, the 

throughput capacity and pasteurization temperature values obtained 

from the fitted models were compared with experimentally 

obtained values at speeds of 270, 330, 408, and 450 rpm. 
 

 
Table 1. Regression models selected for this study. 

Model No. Regression model name Model equation 

1 Linear model y = mx + c 

2 Exponential model y = a exp (bx) 

3 Logarithmic model y = a In(x) + b 

4 Quadratic polynomial y = a x
2
 + bx + c 

a, b, c, and m are coefficients and constants; y – Dependent 

variable (Throughput capacity or pasteurization temperature); x - 

product pump speed (rpm). 

 

2.3.4. Effect of variation in product pumping rate on the 

regeneration efficiency (RE) 

The RE was assessed at speeds within the optimal range for 

effective pasteurization using the continuous pasteurizer. 

Regeneration efficiency defines the relationship between the 
amount of heat supplied by the regeneration to the total heat load 

without regeneration (Chaudhary & Chaudhari, 2015). For all 

experiments, the hot water pump was kept at 3000 rpm. At product 

pump speed of 228 rpm, the inlet temperature for raw product (Ta) 
entering the regeneration section, the outlet temperature of the raw 

product (Tb) leaving the regeneration section, and the inlet 

temperature (Tc) for the hot product entering the shell-side of the 

regeneration section were detected by the temperature sensors and 
read off from the control panel. This experiment is done in 

triplicate. Regeneration efficiency (RE) was determined using Eq. 

(26). The procedure was repeated for product pump speeds of 288, 
354, and 384 rpm and the corresponding regeneration efficiencies 

determined. 

   
     
     

                                                                                    

where: Ta is the inlet temperature of raw product (°C), Tb the 

outlet temperature of raw product leaving the regeneration section 
(°C), Tc the inlet temperature for the hot product to the regeneration 

section (°C). 

2.4. Statistical analysis 

To evaluate the model constants, the GNG nonlinear regression 

analysis was performed using the Microsoft Excel 2019 in-built 

Solver tool. Nonlinear regression was done on assumption that the 

model adequately represented the data. The quality of the model to 
predict the throughput capacity and pasteurization temperature was 

assessed based on the coefficient of determination (R2), Standard 

Error Estimate (SEE), and Root Mean Square Error (RSME). The 

higher the R2 value and lower SEE and RMSE values, the better the 
quality of model fitness to the experimental data (Borah & 

Hazarika, 2017; Malaikritsanachalee et al., 2018). The adequacy of 

the model was assessed using both ANOVA and regression 

analysis at p < 0.05 (Igboayaka et al., 2019). The standard residual 
error was used to evaluate the accuracy of the model to predict the 

observed values. The smaller the standard residual error, the better 

a regression model fits a dataset. 

The RE was calculated as a percentage in MS Excel 2019. The 
data collected was first checked for normality by plotting the 

residual plots. The residual plots produced were normally 

distributed about the mean, with homogeneous variances, which 

meets the assumptions of analysis of variance (ANOVA). The 
variation of RE with product pump speed was analyzed using a 

one-way ANOVA (p < 0.05). The statistical calculations were 

carried out using the statistical program GenStat 14th Edition. MS 

Excel 2019 was used to create all graphs. 
 

 

 
Fig. 1. The exploded view of the continuous pasteurizer. 
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Table 2. Heat exchanger design data. 

Parameter Units Value Reference 

Equation Heating 

section 

Regeneration 

section 

Cooling 

section 

The ratio of outlet temperature gap to inlet temperature (G) - 0.04
⸹
 0.08

⸹
 0.44

⸹
 Eq. 2 

Heat load (q) kJ 14.33 12.22 3.39 Eq. 3 

Thermal effectiveness (P) - 0.76 0.62 0.36 Eq. 5 

Heat capacity (P) - 0.26 0.7 0.56 Eq. 6 

Correction factor (F) - 0.99
*†

 0.97
**†

 0.98
***†

 - 

LMTD (∆Tl)  C 23.02 31.7 17.7 Eq. 4 

Heating transfer area (AH) m
2
 0.73 0.75 0.52 Eq. 7 

Actual overall heat transfer coefficient for a single shell (Ux) W/m
2
K 238.5 182.1 205.8 Eq. 8 

Actual overall heat transfer coefficient (UTx) W/m
2
K 954 546.3 411.8 Eq. 9 

Over-surface design % 12.2
‡
 7.12

‡
 11.2

‡
 Eq. 10 

Required heat transfer area (Areq) m
2
 0.65 0.73 0.47 Eq. 12 

Over-design % 12.3 2.7 10.6 Eq. 11 

Estimated number of tubes (Nt) - 12 12 8 Eq. 13 

Number of tube per pass (Ntp) - 2 2 2 Eq. 14 

Actual number of tubes (n) - 16 12 8 Eq. 15 

Tube-side pressure drop kPa 4.63
⸸
 3.97

⸸
 12.32

⸸
 Eq. 16, 17 

Shell-side pressure drop kPa 0.102
⸷
 0.745

⸷
 0.273

⸷
 Eq. 18, 19 

*
 Based on correction factor chart for 4-8 shell and tube heat exchanger (STHE) (Nitsche & Gbadamosi, 2016); 

**
 Based on correction factor 

chart for 3-6 STHE (Nitsche & Gbadamosi, 2016); 
***

 Based on correction factor chart for 2-4 STHE (Nitsche & Gbadamosi, 2016); ⸹ 

Acceptable for temperature approach (Vengateson, 2010); 
†
 Acceptable (Gulyani, 2000); 

‡
 Acceptable (Bhatt & Javhar, 2014; Krishnan & 

Kumar, 2016); 
⸸
 Acceptable (Bhatt & Javhar, 2014; Kern, 1965); 

⸷
 Acceptable (Bhatt & Javhar, 2014; Kern, 1965). 

 

 
Table 3. Statistical results obtained from selected regression models for throughput capacity and pasteurization temperature.  

Parameter Regression model name Model constants and coefficients SEE R
2
 RMSE 

Throughput 

Capacity (L/h) 

Linear model m = 1.095, c = 435.721 31.3994 0.9090 28.5210 

Exponential model a = 513.645, b = 0.001 33.4151 0.8930 30.9396 

Logarithmic model a = 372.367, b = -1351.327 26.6401 0.9364 23.8413 

Quadratic polynomial a = -0.003, b = 2.945, c = 138.967 26.2266 0.9349 24.3074 

Pasteurization 

temperature (°C) 

Linear model m = -0.0174, c = 91.8793 0.2691 0.9736 0.2362 

Exponential model a = 92.0792, b = -0.0002 0.2754 0.9723 0.2419 

Logarithmic model a = -5.7424, b = 119.2523 0.3824 0.9449 0.3411 

Quadratic polynomial a = 0.0000, b = -0.0025, c = 89.4181 0.2283 0.9811 0.1996 

a, b, c, and m are coefficients and constants 

 

 
Table 4. Validation of the experimental and predicted values of throughput capacity and pasteurization temperature. 

Parameter Throughput Capacity (L/h) Pasteurization temperature (°C) 

Product 

pump speed 

(rpm) 

Experimental Predicted 
Residual 

Error 

Standard 

Residual 

Error 

Experimental Predicted 
Residual 

Error 

Standard 

Residual 

Error 

270 747.09 733.34 -1.219 -7.608 86.00 88.74 0.0173 0.0894 

330 820.08 808.06 -8.698 -31.248 85.33 88.59 -0.0232 -0.0884 

408 865.42 887.07 19.242 70.140 84.00 88.40 0.00075 0.0029 

450 923.19 923.56 -9.325 -50.374 83.33 88.29 0.00525 0.0272 

 

 
3. Results and Discussion 

3.1. Description and mode of operation of the continuous 

pasteurizer 

The continuous pasteurizer consists of three heat exchangers 

(heating, regeneration, and cooling), two tanks (juice and hot 

water tank), a control panel, two pumps (hot water pump and 
juice pump), a holding tube, heaters, reservoir, and several piping 

to allow material flow on both the hot and cold sides. These parts 

are all attached to the main frame (Error! Reference source not 

found.). The machine is powered by a three-phase electric power 

supply. The three heat exchangers work in a counter-current flow 

as it provides the highest rate of heat transfer, making it ideal for 

fluid heating and cooling (Adumene et al., 2016). Prior to 
pasteurization, the heating medium (water) is heated for a specified 

period of time. The hot water is then pumped through the heating 

section, allowing heat to be transferred to the juice during 

pasteurization. Raw juice is pumped from the juice tank to the 
regeneration section using a juice pump, where it is preheated with 
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hot juice. It then flows to the heating section, where it is further 

heated to a specified pasteurization temperature. The juice is then 
held at the same temperature in the holding tubes for a short 

period of time before being cooled in the regeneration and 

cooling section. Temperature sensors and controls are integrated 

into the machine to assist in monitoring and regulating heat 
supply from the heaters, thereby controlling the pasteurization 

process as well as managing electric energy consumption. 

3.2. Design of machine components 

The juice tank diameter and height were determined as 0.44 
m and 0.66m, respectively, using Eq. (1) considering that height 

and internal diameter were related as h=1.5 d (Hall, 2012). The 

results for the three heat exchangers were obtained by evaluating 

the various inlets and outlets temperatures, and flow parameters. 
Table 2 shows the design parameters for the heating, 

regeneration, and cooling section heat exchangers. Considering 

average residence time for the pineapple juice at the 

pasteurization temperature of 88°C as 15 sec (Widiatmo & 
Hendrarsakti, 2018), the length of the holding tube was 

calculated using Eq. (20) as 3 m. Pump hydraulic energy for the 

juice pump was calculated using Eq. (22) as 108.025 J/kg. 

Assuming the pump and motor efficiency of 70% and 60% 
respectively, the electric power (Ppump) required by the motor to 

run the juice pump was calculated using Eq. (21) as 0.034 HP. 

Hence, a juice pump of 0.1 Hp was used since the required power 

is less than the actual pump potential. The heat load per hour 
required to heat 50L of water from 27 to 100°C was calculated 

using Eq. (23) as 4.28 kW. Using two heaters each rated at 6kW, 

the time required to heat the water was calculated using Eq. (24) 

as 21.4 min. 

 

 
Fig. 2. Variation of water temperature with time during the initial 

heating process. 

 

3.3. Performance evaluation of continuous pasteurizer 

3.3.1. Determination of optimal hot water heating time 

prior to operation of the machine 

Fig. 2 shows the relationship between hot water temperatures 

and heating time during the initial heating process. The water 

temperature steadily increased from 21.7 (room temperature) to 

82.3°C in 26 minutes of heating at an average constant rate of 2.3 

°C/minute. After 26 minutes of heating, the rate of change in 
temperature with time is observed to decrease to about 1.5 

°C/minute, but drops further to 1.3 °C/minute after 30 minutes of 

heating. Fig. 2 shows that the heating process followed the 

theoretical heating curve for water in liquid phase with an initial 
steady rise at the start of heating but tending to flatten as it 

approaches the boiling point. The early decrease in the temperature 

change rate at only 82°C is attributable to the high elevation, which 

resulted in a reduction in boiling point for water. Makerere 
University, where the testing was conducted, is located at 

approximately 1240 m above sea level and has a boiling point of 

95.5°C (Kiwana & Naluwagga, 2016).  

The curve in Fig. 2 shows that the machine operator must 
initially run the heaters for a minimum of 23 minutes before turning 

on the machine for pasteurization. After 23 minutes of water 

heating, the water will be either at 75°C or other temperatures 

above 75°C worth heating the product to temperatures between 
72°C and 88°C recommended for HTST processes (Bisig et al., 

2019). 

3.3.2. Optimization of product flow rate for effective 

pasteurization 

The relationship between speeds and the achievable 
pasteurization temperature helps the operator to establish the 

optimal operating product pump speeds for effective pasteurization. 

Fig. 3 shows the pasteurization temperature achieved and 
maintained at different juice pump speeds. The corresponding 

average pasteurization temperature was found to be 87.57, 85.7, 

80.0, 78.71, 76.29, 72.86, and 70.43°C for 180, 300, 420, 540, 660, 

780, and 900 rpm, respectively. The findings indicate that high 
flow rates caused a reduction in pasteurization temperature. This is 

attributable to the reduced residence time for the product within the 

heat exchanger. The findings are consistent with those of Zhang et 

al. (2020). The findings show that all speed less than 792 rpm have 
the potential for use during the pasteurization as they result in 

temperatures higher than the minimum recommended 

pasteurization temperature of 72°C (for milk) under HTST 

conditions. According to Bisig et al. (2019), the recommended 
pasteurization temperatures for a HTST pasteurization process 

ranges between 72°C and 88°C. The optimal operating speed for 

pineapple juice was 200 rpm. 

 

 
Fig. 3. A graph showing the speeds at which the product must be pumped 

for effective pasteurization. 
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Fig. 4. Variation of (a) Throughput capacity with time (b) Pasteurization temperature with product pump speed.  

 

 

Fig. 5. Comparison of experimental and predicted values using the quadratic polynomial model for (a) Throughput capacity (b) 

Pasteurization temperature. 

 

 
3.3.3. Regression modelling approach to determine effect of 

product pump speeds on the throughput capacity and 

pasteurization temperature of continuous pasteurizer 

The increase in product pump speed resulted in a general 

increase in throughput capacity and reduction in pasteurization 

temperature as shown in Error! Reference source not found.a and 
b, respectively. From Error! Reference source not found.a, the 

pasteurizer has the potential to process over 600 L/h. This was high 

compared to 92-194 L/h found by Ahumuza et al. (2017) using a 

batch pasteurizer. The continuous nature of operation was 
responsible for the higher throughput capacity. 

On fitting the experimental data to the four regression models, 

all models were considerably fit to predict the observed values for 

pasteurization temperature, except the logarithmic model. The 
model constants and coefficients for the fitted models are presented 

in Table 3. For the four regression models, the coefficient of 

determination (R2) varied between 0.8930 and 0.9364, the Standard 

Error Estimate (SEE) varied between 26.2266 and 33.4151, while 
Root mean square error (RMSE) varied between 23.8413 and 

30.9396 for the throughput capacity of the machine. The R2 varied 

between 0.9449 and 0.9811, SEE varied between 0.2283 and 

0.3824, while RMSE varied between 0.1996 and 0.3411 for the 
pasteurization temperature of the machine. The logarithmic model 

presented the highest R2 and lowest SEE and RMSE values with 

0.9364, 26.6401, and 23.8413, respectively for throughput capacity. 

The quadratic polynomial model presented the highest R2 and 
lowest SEE and RMSE values with 0.9811, 0.2283, and 0.1996, 

respectively for pasteurization temperature. The logarithmic and 

quadratic polynomial models were best-fit models to predict the 

throughput capacity and pasteurization temperature, respectively 
(Table 3).  

Table 4 shows the statistical values used in validating the 

experimental and predicted values of throughput capacity and 

pasteurization temperature with the logarithmic model and 
quadratic polynomial model, respectively. The range of the 

standard residual error for the throughput capacity of the 

continuous pasteurizer was found to range between -50.374 L/h and 

70.140 L/h, while that of the pasteurization temperature was found 
to be -0.0884 to 0.0894°C (Table 4). The standard residual error for 

the throughput capacity and pasteurization temperature of the 

continuous pasteurizer was found to be close to zero. This indicates 

that the logarithmic model and the quadratic polynomial model 
give a good prediction for the throughput capacity and 

pasteurization temperature of the continuous pasteurizer 

respectively. The wide range of residual errors for the throughput 

model indicates that the model does not consistently fit all 
throughput capacity values. The results from the validation showed 

an R2 value of 97.52% for the throughput capacity (Error! 

Reference source not found.a) and 99.28% for pasteurization 
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temperature (Error! Reference source not found.b). This implies 

that the quadratic regression model is in good agreement with the 
observed values with accuracy of more than 95% for both 

throughput capacity and pasteurization temperature. The models 

that describe the relationship between throughput capacity and 

pasteurization temperature with product pump speed are given in 
Eq. (26) and Eq. (27), respectively. 

                                                                                  

                                                                             

where Yc = Throughput capacity (L/h), Yp = Pasteurization 
temperature (°C), X = product pump speed (rpm). 

3.3.4. Effect of variation in product pumping rate on the 

regeneration efficiency (RE) 

The regeneration efficiency varied between 48% and 54% for 
all operating product pump speeds used in the experiment. Analysis 

of variance indicated that there was no significant difference (p < 

0.05) in the regeneration efficiencies at the different product 

pumping rates. The regeneration efficiency was highest at M288 
with 53.91 ± 1.358%, followed by M228, M384, and M354 in that 

order at 51.92 ± 4.554%, 50.26 ± 2.909%, and 48.17 ± 1.85%, 

respectively. The results indicate that on average, 50% of the heat 

energy gained during the heating phase is used to preheat the cold 
product before the actual heating phase. 

4. Conclusion 

A small-scale continuous pasteurizer was successfully designed 

and fabricated. The machine is equipped with an automated control 
unit that allows for the adjustment of pasteurizing temperatures, 

allowing it to be utilized for a wide range of food products with 

pasteurization temperatures ranging between 72°C to 88°C under 

HTST processing. With an initial heating time of 23 minutes, all 
product pump speeds less than 792 rpm can yield a regeneration 

efficiency of about 50% with a throughput capacity of about 600 

L/h. The pasteurizer's performance is therefore promising for use 

with low-viscous food products. 
This technology should be extended among small-to-medium-

scale processors so as to augment production while also reducing 

overall energy requirements via its regeneration mechanism. This 

machine is suitable for low viscous products such as pineapple 
juice, passion fruit juice, and lemon juice. While a reasonable 

initial heating time was achieved, the performance of the 

pasteurizer can be enhanced by improved control of the heating 

process with the installation of a pressure relief valve. 
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